Introduction
Few studies have reported on densities of different nitrifying guilds, yet such information might provide 49 clues on the importance of different guilds in the overall RSF performance (i.e. ammonia removal) under 50 certain operational conditions. In trickling filters treating groundwater, mean filter densities of AOB (10 7 -10 9 51 AOB cells /g filter material) vastly exceeded those of AOA (10 5 cells /g filter material) as quantified by 52 amoA-based qPCR (de Vet et al. 2009 ). AOB mean densities of 10 6 -10 9 copies/g filter material were 53 reported (quantified by amoA-based qPCR) for granular activated carbon filters treating surface water (Niu 54 et al. 2013 ). The large range in reported densities (for single systems) would seem worrying, yet 55 quantification of total bacteria, AOB and AOA in biological sand filters has occasionally revealed substantial 56 depth stratification and spatial variation (Bai et Relative densities of different microbial guilds can also be compared to predicted ratios based on assumed 60 physiology and stoichiometry; large deviations would then challenge the underlying assumptions. Recently 61 we discovered anomalous relative densities Nitrospira to AOB in RSFs, with Nitrospira comprising up to 62 45% of all community 16S rRNA gene amplicons with canonical AOB attaining on average 2.5% (Gülay et 63 M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT al., 2016) . These unexpectedly high Nitrospira densities do not agree with stoichiometry assuming 64
Nitrospira to have physiology of a nitrite oxidizing bacterium (NOB), which would predict ratios of AOB to 65 NOB of 2 to 3 (Hagopian and Riley 1998, Winkler et al. 2012 This work addressed the following questions. First, is there significant spatial variation in the distribution of 71 total bacteria and nitrifying guilds (AOB, AOA, Nitrobacter and Nitrospira) in RSFs? Second, do the 72 relative densities of the nitrifying guilds agree with their expected roles and physiologies in RSFs? Hence, 73
we conducted an extensive and spatially explicit survey of nitrifying guilds in replicate filters at 4 DWTPs. 74
The data were used to examine spatial variation, and identify optimal sampling strategies. Relative density 75 ratios were examined and related to the operating conditions to infer roles of the different guild members. 76
Finally, given the consistently high Nitrospira presence, we assessed the relative abundance of Nitrospira 77 sublineages based on nxrB and 16S rRNA gene analysis. 78 The investigations included four Danish DWTPs treating groundwater that have been in operation for 6 to 40 81 years. Groundwater at the investigated DWTPs is abstracted from deep limestone anoxic aquifers and the 82 treatment train consists of an aeration step and a double filtration step. Pre-filters have a bed of coarse sand 83 material and are intended to retain the Fe-hydroxides, formed by the oxidation of Fe 2+ . Pre-filter effluent is 84 supplied to the after-filters, which consists of a 0.4 to 0.7 m deep bed of fine sand on top of gravel. Design 85 parameters and selected water quality characteristics at the investigated DWTPs are summarized in Table 1 . 
Materials & Methods

Filter material sampling 96
Microbial density was quantified for filter material collected from the pre-and after-filters at the investigated 97
DWTPs. The sampling strategy was designed to investigate depth stratification, spatial variation within a 98 filter (intra-filter variation) and variation between parallel filters (inter-filter variation). Filter material was 99 core-sampled using a Plexiglas cylinder (1 m height and 5 cm inner diameter), closed on the one end with a 100 rubber stopper. The sampler was pushed into the filter and gently pulled retaining a 40-60 cm filter material 101 core. One pre-filter was sampled at 1-3 random locations at DWTPs 1-3. The pre-filters at DWTP 4 could 102 not be sampled because of the coarse filter material (Table 1 ) that could not be collected with the core 103 sampler. 2-3 parallel after-filters were sampled at all DWTPs, and a filter material core was collected from 1-104 3 randomly selected locations in each filter. All cores were sampled at approximately 2/3 of a filter run cycle 105 between two consecutive backwashing events. The filter material cores were divided into the following depth 106 segments: 0-5, 5-10, 10-20, 20-30, 30-40, 40-50 cm that were transferred to the lab on ice and frozen until 107 further analysis. The measured densities in pre-and after-filters were statistically analyzed to assess their spatial variation at 143 three levels: depth stratification, intra-filter variation and inter-filter variation. Spearman's rank correlation 144 tests (α=0.05) were performed to examine the correlation between density of a specific guild and filter depth. 145
To investigate intra-filter variation, the depth profiles from distinct locations in a filter were tested for 146 differences by paired t-tests (α=0.05) in all possible combinations. Lastly, inter-filter variation was 147 investigated by paired t-tests (α=0.05) on mean depth profiles in parallel filters. The mean depth profile in a 148 filter was calculated as the mean density at each depth for all sampling locations. 149
To assess how the sampling effort relates to the measured average density of a specific guild, we examined 150 the distribution of the total bacterial mean density in the after-filters. This analysis examined three sampling 151 strategies: random sampling, sampling at different depths and sampling at different locations. Detailed 152 information about statistical analyses is provided in the Supplemental Information (SI). 153
Bioinformatic analysis 154
We evaluated the lineages that constitute the comammox Nitrospira population genome CG24 earlier 155 The targeted microbial guilds were quantified by qPCR in the filter material collected from the pre-and 162 after-filters. Filter material density and microbial density values are reported ( Table 2) The mean filter material densities were in the range of 1.0-1.7×10 6 g/m 3 (Table 2) , with variation caused by 165 the different filter material types and sizes (Table 1) 
and degrees of mineral coating (Gülay et al. 2014). 166
Microbial densities, measured per unit filter material mass, are readily converted into volume using the 167 estimated filter material densities. While both density expressions are presented (Table 2) for the examined 168 guilds, the following discussion considers volumetric densities. 169
Total bacterial (Eubacteria) 16S rRNA gene densities ranged from 1.1 to 16×10 15 copies/m 3 filter material 170 (Table 2 ). The density was highest in the pre-filters at DWTP 2, and was substantially higher than the density 171 in the after-filters at the same DWTP (Table 2) . At the other investigated DWTPs, bacterial density was 172 similar in pre-and after-filters ( Table 2) . The high density observed in the pre-filters is surprising, as pre-173 filters were historically thought to remove primarily Fe 2+ and mainly through chemical oxidation and 174 precipitation (Sharma et al., 2005 ). It appears that the resulting oxy-hydroxide precipitates provide a highly-175 porous mineral coating on the filter grains, which can support the high microbial density (Gülay et al., 2014). 176
Canonical AOB (Nitrosomonas spp. and Nitrosospira spp.) were identified in all investigated filters at 16S 177 rRNA gene densities ranging from 0.5 to 35×10 13 copies/m 3 filter material. Densities in the pre-filters were 178 higher than in the after-filters at all DWTPs, with one exception (DWTP 3-E, Table 2 ). High AOB densities 179 in the pre-filters indicate that NH 4 + removal takes place in both filtration steps. For example, at DWTP 3 the 180 NH 4 + concentrations after aeration were 0.89-0.94 mg/L and decreased to 0.54-0.75 after the prefilters and 181 further to 0.007-0.1 mg/L after the after filters. This waterworks (DWTP 3) had different nitrification 182 behaviors in the parallel lines: DWTP 3-W consistently removed NH 4 + -N more efficiently and to a lower 183 level (e.g. 0.007-0.01 mg/L) than DWPT3-E (e.g. 0.077-0.11 mg/L), which is reflected by a higher AOB 184 density (particularly in the prefilters) in DWTP 3-W than in DWTP 3-E (Table 2) . 185
Nitrobacter 16S rRNA gene densities ranged across two orders of magnitude: from 3.6 to 500×10 10 186 copies/m 3 in the investigated filters (Table 2) . Nitrobacter pre-filter densities were higher than the respective 187 after-filter densities at all DWTPs. Nitrospira were present in all investigated filters at 16S rRNA gene M A N U S C R I P T
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densities ranging from 0.97 to 33×10 14 copies/m 3 filter material. Nitrospira densities at two waterworks 189 (DWTPs 1 and 2) were slightly (4 to 6 fold) higher in pre-filter versus after-filters, with the opposite trend in 190 a third waterworks (DWTP 3, Table 2 ). Consistently, Nitrospira densities were at least 2 orders of magnitude 191 higher than Nitrobacter densities, suggesting Nitrospira as dominant NO 2 oxidizer at all DWTPs. Another AOA amoA gene densities were below detection limits in one of the after-filters (DWTP 3), while at the 202 other waterworks their densities ranged from 4.0 and 20×10 9 copies/m 3 filter material. AOA were typically 4 203 orders of magnitude less abundant than AOBs, except in the DWTP 4 after-filters, where highest AOA 204 densities were observed (Table 2) . 205
Overall, RSF are microbially dense, and the targeted guilds are often at least as heavily present in the pre-206 filters as in the after-filters, revealing an important role of pre-filters in biological processes. 207
Spatial distribution of the investigated microbial guilds 208
In the pre-filters, limited stratification was observed (except in DWTP 2, where AOB and Nitrospira 209 densities decreased with depth and in DWTP 1 where Nitrospira densities increased with depth ( Fig 1, Table  210 SI 1)). Stratification in the after-filters was noted for some microbial guilds at DWTP 2 and 3, and for all 211 microbial guilds (except AOA) at DWTP 4 ( Fig. 1 , Table SI 2), with densities decreasing with depth. No 212 stratification was observed in the after-filters at DWTP 1 (Fig. 1) .
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Backwashing frequency and strategy are crucial to control the mixing and redistribution of the filter material, 214 eventually preventing or allowing permanent stratification in the filter. Stratification at DWTP 3 and 4 is 215 maintained after backwashing due to the presence of substantial mineral coatings on the filter material 216 grains, which forces larger -and less dense grains -to remain at the top of the filter, and smaller -denser groundwater-fed periodically backwashed RSFs has been observed before (Bai et al. 2013) . 221
In individual pre-filters, replicate profiles at different sampling locations yielded essentially similar density 222 distributions for all microbial populations (except for Nitrobacter (Table SI 3)) and the same was observed in 223 the after-filters (Table SI 4 However, parallel after-filters at a DWTP often had different profiles: densities of total bacteria, AOB and 228
Nitrospira varied across the filters of both lines at DWTP 3, whereas 50% of the compared profiles were 229 significantly different at DWTP 4 and no significant variation was observed at DWTP 1 and 2 (Tables SI 5-230 7). Inter-filter variation at both lines of DWTP 3 was much larger than the intra-filter variation, and the 231 opposite was observed at DWTPs 1 and 2. Hence, spatial variation of the targeted guilds does not follow a 232 predictable pattern at the investigated DWTPs. 233
Investigation of mean density precision and required sampling effort 234
The increase in precision of the estimated mean density was evaluated as a function of sampling effort and 235 sampling strategy ((i) random sampling of s samples across locations, parallel filters, and depth; (ii) sampling 236 all locations for d randomly chosen depths; (iii) and sampling full profiles at l randomly chosen locations). 237
Setting half-an-order of magnitude as an acceptable precision, the mean density and associated precision M A N U S C R I P T
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were computed at the investigated DWTPs: clearly precision increased with increasing sampling effort ( Fig.  239 2, Fig. SI 1) . With DWTP 4 as an example, sampling at 7 random combinations of locations and depths was 240 required to meet the demanded precision (Fig. 2) . Sampling at different depths would require 14 samples (2 241
randomly chosen depths at all investigated filter locations and parallel filters), sampling at different locations 242 and filters would require 17 samples (at least 3 locations, each location sampled at 5-6 depths). Clearly 243 random sampling yielded an acceptably precise density estimate with lowest effort, and there was no 244 advantage of exhaustively sampling depths profiles or horizontal profiles. 245
The mean bacterial density estimates were more precise at DWTPs 1-3, where collection of a singular 246 sample would already give an estimate within half-an-order of magnitude precision (Fig. SI 1) . For almost 247 all DWTPs, random sampling yields the highest precision compared to sampling at different depths or 248 locations ( Fig. SI 1) . The only exception was at DWTP 3-W, where sampling of 1 filter location at all depths 249 (7 samples) yields a higher precision than collecting 7 random samples ( Fig. SI 1) . However, fewer than 7 250 samples are required to obtain a mean precision above the acceptable limit of half-an-order of magnitude. 251
Overall, the mean density precision can vary significantly at different DWTPs. In all cases random sampling 252 across filters, filter locations and depths yielded the highest precision for a given number of samples. 253
According to the precision required by each study, the number of samples needed may vary significantly. In 254 this study, each sample had a mass of 100-333 g drained filter material, depending on the depth interval 255 (segmented every 5 or 10 cm as described in sec. 2.2) and the bulk density. Ultimately, 7 samples randomly 256 collected should generally be sufficient to provide a precision of the mean of half order of magnitude, even at 257
DWTPs with heterogeneous microbial spatial distributions. Our recommendations apply to density, but may 258 not apply to community diversity or composition. When the same samples were subject to community 259 The fraction of canonical AOB (abundance vs total bacteria) ranged from 0.004 and 0.07 in the pre-filters, 264 and from 0.002 and 0.12 in the after-filters (Fig. 3, Panels A and D) . Abundances in the pre-and after-filters 265 were similar at most DWTPs except at DWTP 1, where abundance in the pre-filters was approximately one 266 order of magnitude higher than in the after-filters. No patterns were observed with depth. 267
The ratio of canonical AOB to Nitrospira ranged from 0.02 and 1.9 in the pre-filters, and from 0.04 and 0.6 268 in the after-filters (Fig. 3, Panels B and D) . Ratios were consistently below 1 in all RSFs except in one set of 269 pre-filters (DWTP 1), where AOB were more dominant than Nitrospira in the filter top (ratio 1.9). Even 270 here, an increase in Nitrospira density with depth (Table SI 1 Given the striking dominance of the Nitrospira genus in all DWTPs (Fig. 1, Table 2 ), we analyzed its 303 composition across Nitrospira lineages from the 16S rRNA amplicon libraries at the same DWTPs (Gülay et 304 al., 2016): Nitrospira lineage II dominated at all DWTPs, representing consistently over 95%, with not-yet-305 named lineages accounting for 3.5%±0.03, of all Nitrospira reads ( Fig. 4 Fig SI 2 , Table SI 8) . AOA were consistently less abundant than AOB (based on amoA targeted qPCR) in both pre-and after-316 filters at DWTPs 1, 2, and 3, (Fig. 3 , Panels C and F) and occasionally at or below detection limit. targeted qPCR) at some DWTPs (DWTPs 1, 2 and 4 but not at DWTP 3 (Fig. SI 3) ). This underestimation 323 was recently identified as caused by the preferential amplification of amoA Cluster 7 vs. Cluster 6A AOBs 324 (Dechesne et al. 2016). In addition, the employed amoA primers would not quantify comammox amoA 325 (Daims et al. 2015) . Considering this bias, the AOA to AOB ratios at DWTPs 1 and 2 would be even lower. 326
No consistent trend of the AOA/AOB ratio with depth was observed at any of these DWTPs. AOAs were at 327 significant abundance compared to AOB in only one of the waterworks (DWTP 4) (AOA/AOB from 0.26 in 328 the top 0-5 cm to 20 at the bottom 40-50 cm (Fig. 3, Panel F) ). The increased ratio (by roughly 2 orders of 329 magnitude) was mainly due a reduction in AOB abundance (Fig. 1, Panel C) and may suggest a significant 330
role of AOA at the bottom of the filter. Yet, as amoA based qPCR also underestimates AOB densities at 331 DWTP 4 ( Fig SI 3 • Nitrospira were roughly 4 orders of magnitude more abundant than Nitrobacter in all investigated 358
filters, suggesting that they should be the predominant NO 2 oxidizers. Yet, Nitrospira were also up 359 to almost 2 orders of magnitude more abundant than AOBs, and we suggest that the Nitrospira 360 Copies/m 3 10 9 10 10 10 11 10 12 10 13 10 14 10 15 10 16 10 17
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Highlights
• Microbial density in RSFs are high (upto10 9 to 10 10 per gram (10 15 to 10 16 per m 3 ) but vary spatially.
• Acceptable mean precision of density estimates requires 7 random samples.
• Nitrospira were more abundant than Nitrobacter and AOBs.
• Nitrospira abundance is likely caused by their NH 4 + oxidation capability (comammox).
• AOB consistently exceed AOAs in RSFs, except in RSFs with strong stratification.
